Abstract --This paper presents a hydrogen gas sensor based on Double Surface Acoustic Wave Resonator (DSAWR) system configuration. Two commercial SAW resonators were employed to develop the DSAWR system. The sensing layer was prepared using functionalized Carbon Nanotubes (CNT) with polyaniline nanofibers. The sensing layer was integrated into the DSAWR system and measurements were carried out for hydrogen gas between 1% to 2% concentrations. Results obtained showed response of the sensor to hydrogen gas with a minimum detection limit of 1% and good response and recovery time.
I. INTRODUCTION Hydrogen is one of the clean energy sources with zero emissions which could be used to reduce air pollution resulting from fossil fuel. This makes it suitable for applications in industries to make ammonia gas and methanol [1] . However, it is flammable with an explosive limit of 4%. This necessitates monitoring the limit of hydrogen for safety purposes. Surface acoustic wave technology have been used for gas detection since the first acoustic wave gas sensor was developed by King in 1964 [2] .The main advantages of using SAW technology is high sensitivity, low power consumption, wireless capability and can be placed on moving or rotating parts and in hazardous environment [3] . The SAW device is also technologically compatible because its fabrication process is similar to that of other microelectronic devices.
Single SAW resonators have been used for gas sensing and have proved to be reliable and successful [4] [5] [6] [7] . The mechanism of detection of acoustic wave sensors is based on changes in the physical characteristics of the layer when it comes in contact with the surface of the device. These properties which are applicable to gas detection include mass density (m), elastic modulus (E), viscosity (ρ), electrical conductivity (σ), permittivity and temperature (T). Any variations in these parameters change the electrical or mechanical boundary conditions which alters the propagation of the acoustic wave velocity [8] .
Surface acoustic wave technology has been used for hydrogen detection by employing both resonator and delay lines and have proved to be reliable [9] [10] [11] [12] [13] [14] . All these reported, employed gas sensing using single resonator in which the sensor response is measured as upshift or downshift of the resonance frequency.
Our previous work reported the deployment of Double Surface Acoustic Wave Resonator (DSAWR) system for hydrogen sensing at room temperature [15] . Double saw resonator sensing technique is proposed in which the sensor signal is measured as the difference between the two resonance frequencies. The advantage of DSAWR is that it could be used for wireless applications and that slightest drifts of temperature will be compensated. In order to study the effect of a parallel resistance when connected to a DSAWR system a simulation study was carried out as shown by [16] .
In this paper, the same DSAWR system will be deployed for gas sensing at 40 0 C so as to compare the performance with that of room temperature.
II. METHODOLOGY
The DSAWR system was designed and fabricated printed circuit board as shown in Figure 1 . It consists of two commercial resonators namely R03101 and R03112 (RF monolithics) each connected to its matching system. The L-matching circuit was chosen due to its simplicity and linearity, this simplicity in terms of less number of elements will improve its sensitivity towards gas detection. A capacitor is also connected to the circuit for the purpose of tuning to the desired frequency while the resistor which is connected in parallel with the capacitor is used as the sensing layer. Figure 1 (a) and 1(b) shows a diagram of top and bottom view of DSAWR system after fabrication. The sensing layer is composed of polyaniline nanofibres and functionalized multiwalled carbon nanotubes which were coated unto gallium orthophosphate substrate. Polyaniline was synthesized using chemical polymerization technique.
The gas sensing measurement set-up shown in Figure  2 consists of a computerized Aalborg mass flow controllers which controls synthetic air and hydrogen gas at a flow rate of 0.2 ml/min. The mass flow controllers were connected to both hydrogen and air respectively. A command module was connected to a computer and controlled by an automated Labview program that controls the gas sensing process. Measurements were carried out with a portable Anritsu Fieldfox network analyser connected to the SMA connector of the DSAWR system. The sensor was introduced into the gas chamber with a heater to heat up at 40 0 C. Synthetic air was allowed to flow into the system for 30 minutes so as to stabilize the system. Subsequently a process of gas injection and desorption is repeated for different concentrations of hydrogen between 1% and 2%. The same cycle of 10 minutes hydrogen gas injection and 10 minutes air desorption was maintained throughout the sensing experiment.
III. RESULTS AND DISCUSSION
The system was placed in a gas chamber and measurements were carried out for testing it towards hydrogen gas with different concentrations. All measurements were carried out at a temperature of 40 0 C. Figure 3 shows a plot of gas concentration versus ∆f. The sensor response was interpreted as a difference between the two resonance frequencies for each gas concentration. Response times were observed to be 60 to 120 seconds while recovery times were recorded as 80 to 220 seconds with varying concentrations. The sensitivity of the sensor has doubled to 6 Hz/ppm as compared to 3 Hz/ppm at room temperature [15] . As compared to room temperature the response times and recovery times were observed to be faster due to the effect of temperature, the molecules gain more kinetic energy and more momentum as such they can react with the target gas much faster as compared with the room temperature. Table 1 shows a comparison between frequency difference of hydrogen response at room temperature and that of 40 0 C. It could be observed that at 40 0 C there is a linear increase in ∆f, at room temperature saturation was observed at 1.75% with ∆f at 0.555. The response at 40 0 C was observed to be 0.6.The reason for this difference could be explained as due to the increase in temperature, the conductivity of the MWCNT/polyaniline increases as such the molecules vibrate faster and hence the acoustic velocity increases.
In order to characterize the sensing layer a Hitachi FESEM was used to detect the surface morphology.The SEM micrograph of Figure 3 revealed the polyaniline nanofibers which are homogeneous and have large diameters of about 300 nm. The choice of polyaniline nanofibers was made so as to have increased sensitivity when integrated into the functionalized carbon nanotubes. The large diameters of the nanofibers makes it a good sensing material due to its large surface to volume ratio [17] . Thus, the advantage of high surface area to volume ratio allows for good interactions upon exposure to the target gas which is manifested as an increase in resistance. This increase in resistance also increases the frequency shift of the resonators. The response of this sensor to CSA-doped polyaniline could be supported by the work of [9] in which the interactions of hydrogen gas with doped and dedoped polyaniline nanofibres were investigated. It can be concluded that a DSAWR system was successfully developed to detect hydrogen gas concentration between 1% and 2% at a temperature of 40 0 C which is below the explosive limit of hydrogen gas in air. Results obtained showed that the sensitivity of the sensor at 40 degree was found to be 6Hz/ppm as compared with that of room temperature which was observed to be 3Hz/ppm. Therefore, temperature is an important parameter in determining the sensitivity of the DSAWR gas sensor.
